Pass is replication competent with an only moderate reduction in specific infectivity but appears to bind to receptors different from those recognized by wild-type PrV (A. Karger, J. Schmidt, and T. C. Mettenleiter, J. Virol. 72:7341-7348, 1998). To analyze whether this alteration in receptor usage in vitro influences infection in vivo, the model host mouse and the natural host pig were intranasally infected with PrV-gD ؊ Pass and were compared to animals infected by wild-type PrV. For mice, a comparable progress of disease was observed, and all animals infected with mutant virus died, although they exhibited a slight delay in the onset of symptoms and, correspondingly, a longer time to death. In contrast, whereas wild-type PrV-infected pigs showed clinical signs and histological and histopathological findings typical of PrV infection, no signs of disease were observed after infection with PrV-gD ؊ Pass. Moreover, in these animals, virus-infected cells were not detectable by immunohistochemical staining of different organ samples and no virus could be isolated from nasal swabs. Mutations in glycoproteins B and H were found to correlate with, and probably contribute to, gD-independent infectivity. In conclusion, although PrV-gD ؊ Pass is virulent in mice, it is apparently unable to infect the natural host, the pig. This altered host range in vivo correlates with a difference of receptor usage in vitro and demonstrates for the first time the importance of gD receptors in alphaherpesvirus infection of an animal host.
The alphaherpesvirus pseudorabies virus (PrV) is the causative agent of Aujeszky's disease (AD) in pigs, a serious illness which is characterized by respiratory symptoms and central nervous disorders. After oronasal uptake of the virus, primary replication occurs in the nasal and pharyngeal mucosae and the respiratory tract, leading to respiratory distress. Subsequently, after entering peripheral nerve endings, the virus ascends to the central nervous system (CNS) via trigeminal and olfactory pathways (1, 20) . Replication of PrV in the CNS is characterized by a nonsuppurative meningoencephalits causing severe central nervous disorders (8, 34) . PrV displays a very broad host range and is able to infect most mammals except for horses and higher primates, including humans. In most susceptible species, PrV infection is fatal, and only pigs are able to survive a productive PrV infection. They are therefore regarded as the natural host. Surviving pigs remain latently infected and productive viral replication can be reactivated in response to various stimuli (reviewed in reference 27).
The pathogenicity of PrV depends on the age of the pig, the route of infection, and the specific virulence of the infecting strain which is, at least in part, determined by viral glycoproteins (reviewed in reference 27). Up to now, 11 PrV glycoproteins have been identified. According to their relevance for viral replication in cell culture, they have been designated nonessential (gC, gE, gG, gI, gM, and gN) and essential (gB, gD, gH, gK, and gL). Glycoproteins that mediate attachment of PrV to target cells are of special interest because they may directly determine viral tropism (reviewed in reference 27). Primary attachment of PrV to target cells is mediated by binding of the nonessential gC to heparan sulfate proteoglycans (16, 24) . However, this interaction is not sufficient to trigger fusion between the viral envelope and the cell membrane. As has been shown for other alphaherpesviruses (reviewed in reference 43), the essential gD mediates secondary attachment of PrV (16) to newly identified cellular gD receptors, which belong to a superfamily of immunoglobulin-like poliovirus receptor-related proteins (10, 21, 44) . This gD-gD receptor interaction is thought to be necessary to initiate penetration. The wide distribution of gD receptors on different cell types and the promiscuity in receptor usage might explain at least in part the broad host range of PrV. Besides gD, gB and the gH-gL complex are required for penetration of free virions into target cells (reviewed in references 27 and 42). However, in contrast to the situations in herpes simplex virus type 1 (HSV-1) and bovine herpesvirus type 1 (BHV-1), PrV gD is dispensable for direct viral cell-to-cell spread in vitro (9, 23, 32, 37) . Thus, phenotypically complemented gD-negative PrV (PrV-gD Ϫ ) is able to infect primary target cells and subsequently spreads via direct cell-to-cell transmission. After intranasal infection of mice, phenotypically complemented PrV-gD Ϫ infects epithelial cells of the nasal mucosa and then invades neighboring epithelial cells and innervating peripheral sensory neurons. It then ascends to the CNS via gD-independent cell-cell transmission (1, 28) . Whereas virulence of PrV-gD Ϫ is not reduced in mice (1, 13) , only moderate symptoms were observed after infection of pigs with PrV-gD Ϫ (13) . Since gD is essential for the entry of free wild-type PrV virions, no infectious virus was recovered from infected animals of either species (13) .
Since gD is dispensable for direct cell-to-cell spread of PrV, it is possible to propagate PrV-gD Ϫ by cocultivation of infected and noninfected cells. Recently, we described the isolation of an infectious gD-negative PrV mutant (PrV-gD Ϫ Pass) after serial passaging of PrV-gD Ϫ -infected cells with noninfected cells (39) . PrV-gD Ϫ Pass is replication competent with an only moderate (ca. 70-fold) reduction in specific infectivity in cell culture (17) . A similar mutant has also been isolated from BHV-1 (40) . This phenotype is at least partly due to compensatory mutations in gB and gH (references 40 and 41 and this paper). Infection of gD receptor-deficient Chinese hamster ovary (CHO) cells clearly demonstrated that infectivity of PrVgD Ϫ Pass is not dependent on known gD receptors, indicating that the compensatory mutations did not induce binding of other viral proteins to gD receptors (29) . This indicated that gD-independent infectivity of PrV requires hitherto unknown receptors (17) . The isolation and characterization of a mutant bovine kidney cell clone (NB) which is specifically resistant to infection by PrV-gD Ϫ Pass indicated the presence of at least one alternate cellular receptor which is lacking on NB cells and is not critical for infectivity of wild-type PrV (17) . Interestingly, the penetration defect of PrV-gD Ϫ Pass on NB cells could be overcome by phenotypical gD transcomplementation, indicating that this alternative receptor is used only in the absence of gD.
Since PrV offers the opportunity to analyze phenotypes not only in cell culture and animal models but also in the natural host, we were interested in testing whether the alteration in receptor usage in PrV-gD Ϫ Pass as observed in cell culture influences viral replication in animals. This should also shed light on the importance of gD receptors for alphaherpesvirus infection in vivo. To this end, mice and pigs were intranasally infected with PrV-gD Ϫ Pass and different parameters were monitored.
MATERIALS AND METHODS
Viruses and cells. All mutants described in this study were derived from the moderately virulent PrV strain Kaplan (PrV-Ka; 15). Isolation of gG-and gDnegative infectious PrV-gD Ϫ Pass has been described (39). PrV-1112, which expresses the Escherichia coli lacZ gene from the gG locus and behaves like wild-type PrV in a multitude of tests, has also been described (25) . For challenge infections, the highly virulent PrV strain NIA-3 (5) was used. Viruses were grown and titrated on porcine kidney cells (PSEK or PK-15) (39) .
Isolation of complementing cell lines and viral mutants. RK13 cell lines stably expressing wild-type or PrV-gD Ϫ Pass gB or wild-type gB and gD were isolated after PCR amplification of the corresponding open reading frames and insertion into pcDNA3 (30) . RK13 cell lines expressing wild-type or PrV-gD Ϫ Pass gH under its own promoter were constructed as previously described (3) . Vero cells expressing wild-type gH or the gDH hybrid protein have been published (3, 19) . Construction of mutant viruses lacking gB or gH followed standard procedures (3, 12, 37) . Insertion of a green fluorescent protein expression cassette facilitated the isolation of virus mutants. Mutant PrV-gD Ϫ gH Ϫ was isolated on RK13 cells expressing wild-type gD under its own promoter and gH under control of the human cytomegalovirus immediate-early promoter/enhancer. gD expression in PrV-gD Ϫ Pass was rescued after cotransfection with a genomic SphI fragment derived from the U S -region of PrV-Ka encompassing the gD gene. Resulting virus progeny were titrated on Vero cells, and gD-expressing virus progeny were identified by black plaque assay (Vectastain, Camon, Germany) by using gDspecific monoclonal antibody (MAb) c14-c27 (19) . One single plaque isolate, PrV-gD Ϫ Pass SPH, was used for further studies. All mutant viruses were analyzed by Southern blotting, indirect immunofluorescence, and Western blot analysis to confirm geno-and phenotypes (data not shown).
Experiments with mice. Six-week-old female BALB/c mice were housed in isolation in plastic cages with sterile wood chips. Water and pelleted commercial food were given ad libitum. Animals were infected intranasally with 10 l of virus suspension containing 10 4 PFU of PrV-Ka or PrV-gD Ϫ Pass. Animals were observed for clinical signs, and moribund animals were sacrificed. For histological analysis, animals were processed as previously described (2) .
Experiments with pigs. For all experiments, 5-week-old piglets seronegative for PrV were obtained from local farms, housed in isolation, and supplied with water and commercial food ad libitum. Animals were allowed to adjust to their housing conditions for 7 days. In the first experiment, animals were intranasally infected with 10 6 PFU of PrV-Ka (four animals), PrV-gD Ϫ Pass (six animals), or PrV-gD Ϫ Pass SPH (six animals) to compare virulence. Animals were observed twice a day for clinical signs, and rectal body temperature was measured daily. Virus shedding was also determined daily as described below. On day 37 postinfection (p.i.), sera of all animals were examined for the presence of complementdependent PrV-neutralizing antibodies. The induction of a protective immunity was tested after intranasal challenge infection of surviving animals with 10 7 PFU of the highly virulent PrV strain NIA-3 (5). Three age-matched naive piglets were infected for control. Animals were again monitored for clinical signs, body temperature, virus excretion, and, in addition, for change in body weight.
A second experiment was performed to analyze in detail the replication of PrV in the infected animal. Six animals each were intranasally infected with 5 ϫ 10 7 PFU of PrV-gD Ϫ Pass or PrV-Ka and were observed daily for clinical signs and virus shedding. Every second day p.i., one animal from each group was sacrificed and organ samples were prepared for virus isolation and immunofluorescence on frozen sections. An untreated age-matched piglet was included as control.
Determination of virus shedding. Virus excretion was determined by titration of nasal swabs. Swabs were incubated overnight at 4°C in 1 ml of minimum essential medium supplemented with 5% fetal bovine serum (MEM-5% FBS) and were titrated on PSEK cells.
Virus neutralization. Fifty-microliter volumes of serial twofold dilutions of sera (1:2 to 1:4,096 in MEM-5% FBS) were mixed with 50 l of virus suspension at a titer of 4 ϫ 10 3 PFU/ml. After preincubation in 96-well cell culture dishes at 37°C for 16 to 20 h, 50 l of a PSEK cell suspension containing 2 ϫ 10 5 cells per ml was added to each well, and the mixture was incubated for an additional 4 to 5 days at 37°C. Titers are given as the highest serum dilution resulting in complete virus neutralization as evidenced by inhibition of virus-specific cytopathic effect (CPE).
Tissue sampling, virus isolation, and indirect immunofluorescence. Animals were stunned electrically and rendered unconscious and then were sacrificed and necropsied. Tissue samples from the nasal mucosa, olfactory nerve and bulb, pedunculus olfactorius, trigeminal nerve and ganglion, medulla oblongata, pons, mesencephalon, diencephalon, cerebrum, cerebellum, tonsil, and lung were prepared for virus isolation and indirect immunofluorescence. To determine virus titers, organ samples were weighed and incubated in MEM-5% FBS. Samples were homogenized in a mortar, and the final volume of tissue suspension as well as the virus titer were determined. Titers were then calculated as PFU per gram of tissue.
PrV-infected cells in organ samples were identified by indirect immunofluorescence on frozen sections using a mixture of a gB-specific MAb (A20-c26 [30, 31] ) and a gC-specific MAb (B16-c8 [19] ). Reactivities of wild-type and mutant virus-infected cells with the MAbs had previously been tested by indirect immunofluorescence. Tissue samples were snap frozen in n-heptane (Ϫ70°C), and cryosections were prepared and fixed with acetone at Ϫ20°C for 15 min. After equilibration to room temperature and preincubation in phosphate-buffered saline (PBS) containing 5% bovine serum albumin (BSA) for 10 min, sections were incubated with MAbs diluted in PBS-2% BSA. Subsequently, they were incubated with fluorescein isothiocyanate-labeled secondary goat F(ab) 2 antimouse immunoglobulin G plus M (heavy and light chains) (Caltag Laboratories, Medac, Germany) diluted in PBS-2% BSA and 0.005% Evans blue. Parallel sections were incubated with a control MAb (934-H1) directed against the S protein of mouse hepatitis coronavirus (kindly provided by H. Wege, Insel Riems, Germany). Tissue from noninfected control animals was treated identically. Finally, sections were sealed with fluorescence maintenance buffer containing 2.5% DABCO (Sigma, Deisenhofen, Germany) diluted in 90% glycerol-10% PBS (pH 8.6). Fluorescence analysis and microphotography were performed in an Optiphot 2 fluorescence microscope (Nikon, Tokyo, Japan).
Virus stability in porcine nasal mucus. Fresh nasal mucus of noninfected piglets was collected, and 100 l of undiluted virus suspension was preincubated with 100 l of undiluted mucus or 100 l of medium as control for 1 h at 37°C. Assays were then titrated on PSEK cells.
Virus titration on porcine nasal mucosa explant cells. Serial 10-fold dilutions of PrV-1112, PrV-gD Ϫ Pass, and PrV-gD Ϫ Pass SPH were plated in 24-well tissue culture dishes onto PK-15 and nasal mucosal explant cells. Two days after infection, monolayers were either stained with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (for PrV-1112 and PrV-gD Ϫ Pass) or crystal violet (for PrV-gD Ϫ Pass SPH) and plaques were counted.
RESULTS

PrV gD
؊ Pass infection is fatal for mice. To assay for virulence in mice, two 6-week-old BALB/c mice were infected intranasally with 10 4 PFU of PrV-Ka and six mice were infected with PrV-gD Ϫ Pass. Both groups were monitored daily for clinical signs. A typical progression of disease was observed for the PrV-Ka-infected animals (2) . At 48 h p.i., loss of appetite and altered behavior like scratching of the inoculation site and hyperactivity started to appear. At 60 h p.i., severe neurological symptoms such as loss of coordination and convulsions followed by somnolence arose, indicating viral replication in the CNS. Both PrV-Ka-infected mice were dead or sacrificed in a moribund state by 72 h p.i. Mice infected with PrV-gD Ϫ Pass showed identical clinical signs invariably leading to death. However, there was a delay of 24 to 48 h in symptom development and death compared to PrV-Ka-infected mice. Immunohistological analysis showed infection of central nervous tissues in PrV-Ka and PrV-gD Ϫ Pass-infected animals at the time of death (data not shown).
Determination of virulence in pigs.
To compare virulence of PrV-gD Ϫ Pass and revertant PrV-gD Ϫ Pass SPH to PrV-Ka in the natural host, three groups of 6-week-old piglets were infected intranasally with 10 6 PFU of PrV-Ka (four animals), PrV-gD Ϫ Pass (six animals), and PrV-gD Ϫ Pass SPH (six animals) and were monitored for clinical signs and virus shedding. The body temperature of PrV-Ka-infected animals ( Fig.  1 ) rose sharply at 2 days p.i. to ca. 41.5°C. At the same time, respiratory symptoms and reduction in food uptake were observed. Subsequently, the overall condition of the animals worsened. On day 4 p.i., all animals in this group displayed severe respiratory symptoms, i.e., rhinitis with purulent discharge. On day 6 p.i., two piglets showed severe CNS symptoms, including ataxia, opisthotonus, convulsions, and paralysis. One of them died on day 7 p.i. Surviving animals recovered and appeared normal on day 10 p.i. After infection with PrVgD Ϫ Pass or PrV-gD Ϫ Pass SPH, infected animals did not show any significant rise in body temperature nor any clinical symptoms.
Virus shedding was quantified by titration of nasal swabs. As shown in Fig. 2A , PrV-Ka-infected animals showed the characteristic course of virus excretion, with peak titers exceeding 10 7 PFU/ml on day 5 p.i. Virus shedding ended on day 13 p.i. In contrast, with nasal swabs of animals infected with PrV-gD Ϫ Pass, virus was detected only occasionally in single animals at very low levels (Ͻ10 PFU/ml), which might reflect the persistence of inoculum rather than productive virus replication.
Interestingly, although PrV-gD Ϫ Pass SPH-infected animals did not show clinical symptoms, they excreted virus, indicative of efficient virus replication in the nasal mucosa. Compared to PrV-Ka, ca. 10-fold-lower peak titers were reached on day 5 p.i. Virus shedding also ended on day 13 p.i.
Neutralizing antibody titers. To examine if intranasal inoculation of pigs with PrV-gD Ϫ Pass resulted in an inapparent infection but induced seroconversion, titers of complementdependent PrV-neutralizing antibodies were determined on day 37 p.i. As shown in Fig. 3 of neutralizing antibodies ranging from 1:1,024 to 1:2,048. In contrast, sera from PrV-gD Ϫ Pass-infected animals (animals 7 to 12) did not contain PrV-specific neutralizing antibodies since the observed titers at between 1:2 and 1:16 were similar to those in sera from naive control animals (data not shown). Sera from PrV-gD Ϫ Pass SPH infected animals (animals 1 to 6) exhibited neutralization titers of between 1:96 and 1:512, indicating that an antibody response was induced which, however, was less pronounced than that after PrV-Ka infection.
On day 38 p.i., surviving animals and three naive control animals were intranasally challenged with 5 ϫ 10 7 PFU of the highly virulent PrV strain NIA-3. Body temperature (Fig. 1) , clinical signs (Table 1 , challenge infections), and virus shedding (Fig. 2B) were again monitored. In addition, body weight was determined every second day post-challenge infection (p.c.) and recorded as the change in weight compared to body weight immediately before challenge infection (Fig. 4) .
Naive control animals developed high fever and displayed severe respiratory symptoms and loss of appetite as soon as 1 day p.c. On day 2 p.c., all animals suffered from severe neurological symptoms. Two piglets died on day 4 p.c., and the third was found moribund on day 5 p.c.
Animals previously infected with PrV-Ka or PrV-gD
Ϫ Pass SPH showed only slightly elevated temperatures between day 1 and 5 p.c. No clinical signs or reduced food uptake was observed in previously PrV-Ka-infected animals, and all animals survived. Animals previously infected with PrV-gD Ϫ Pass SPH showed only mild respiratory symptoms on day 2 p.c. All animals fed well and survived the challenge infection without any neurological symptoms.
In contrast, animals previously infected with PrV-gD Ϫ Pass exhibited a similar sharp rise in body temperature as naive control animals, reaching over 41.5°C. Temperature normal- a Three groups of 6-week-old piglets were infected intranasally with 10 6 PFU of PrV-Ka (four animals), PrV-gD Ϫ Pass (six animals), or PrV-gD Ϫ Pass SPH (six animals). Clinical signs, such as fever, respiratory, or neurological symptoms, were recorded daily and graded as follows: ϩϩϩ, severe; ϩϩ, moderate; ϩ, weak; Ϫ, none. The last column records deaths versus total number of animals per group.
b Surviving animals from the primary infection as well as three age-matched naive control animals were challenge infected intranasally with 5 ϫ 10 7 pfu of highly virulent PrV-NIA-3, and clinical signs were again recorded daily as described for primary infections.
ized on day 10 p.c. Food uptake decreased from day 2 p.c. Respiratory symptoms were observed from day 3 p.c., and severe neurological symptoms started to appear on day 4 p.c. One animal died on day 4 p.c. and another one was found moribund on day 7 p.c. From day 7 p.c., surviving animals improved, and they were free of symptoms on day 10 p.c.
Shedding of challenge virus was quantified by titration of nasal swabs (Fig. 2B) . Naive control animals excreted virus at titers exceeding 3 ϫ 10 7 PFU/ml on day 3 p.c. Until the death of the last control animal on day 5 p.c., this high level of virus excretion was sustained. After the prior PrV-Ka infection, excretion of the challenge virus amounted to only 10 4 PFU/ml until day 3 p.c., and it ceased on day 6 p.c. Animals which had previously been infected with PrV-gD Ϫ Pass SPH excreted a higher amount of challenge virus than the PrV-Ka-infected animals. Titers stayed at ca. 3 ϫ 10 6 PFU/ml until day 3 p.c., but excretion also ceased on day 6 p.c. Animals which had previously been infected with PrV-gD Ϫ Pass excreted virus at a level similar to that of the control animals. A peak value of ca. 4 ϫ 10 7 PFU/ml was reached on day 3 p.c. Virus excretion of surviving animals ended on day 8 p.c.
The average body weight of the control group steadily declined (Fig. 4) until the death of the last animal. The animals in the PrV-gD Ϫ Pass group exhibited a stagnation in body weight until day 8 p.c., whereas animals previously infected with PrV-Ka and PrV-gD Ϫ Pass SPH showed a steady increase in average body weight.
Restriction in host range of PrV-gD ؊ Pass. Since the first experiment did not indicate any significant replication of PrVgD Ϫ Pass in pigs, a second experiment was performed. Two groups of six 6-week-old piglets each were intranasally infected with 10 7 PFU of PrV-Ka or PrV-gD Ϫ Pass. Results for virus shedding, body temperature, and clinical signs of infection paralleled those of the first experiment (data not shown). In addition, one animal from each group was sacrificed, and organ samples were prepared for virus isolation and immunohistochemical examination at the indicated times p.i. An agematched piglet was included as negative control. Virus titers in organ samples were determined by titration of homogenized tissue suspension on PSEK cells (Table 2) . PrV-Ka-infected animals displayed a kinetic of virus replication in the different organs as is typical for AD. Highest titers were found in the different regions of the nasal mucosa. Subsequently, infection of the CNS occurred. However, no virus could be isolated from any organ at any time point in animals which had been inoculated with PrV-gD Ϫ Pass. Most strikingly, no virus could be isolated even from samples of the nasal mucosa.
Immunofluorescence on frozen sections. To examine whether PrV-gD Ϫ Pass infected porcine cells in vivo, indirect immunofluorescence was performed on frozen sections of PrV-Ka-or PrV-gD Ϫ Pass-infected animals (Fig. 5 ). There was a clear correlation between positive immunofluorescence on sections and positive virus isolation after PrV-Ka infection. Correlating with the negative results from virus isolation, we did not detect any positive signal in any organ section of PrV-gD Ϫ Passinfected animals at any time p.i.
Virus inactivation by porcine nasal mucus. Since we were not able in a multitude of tests to demonstrate infection of pigs by PrV-gD Ϫ Pass, it was necessary to rule out differences in stability of the gD-deleted PrV-gD Ϫ Pass compared to PrV-Ka which may have resulted in nonspecific inactivation of inoculated PrV-gD Ϫ Pass. Therefore, the sensitivities of PrV-Ka, PrV-gD Ϫ Pass, and PrV-gD Ϫ Pass SPH to inactivation by porcine nasal mucus were assayed (Fig. 6) . Treatment of all virus suspensions resulted in similar and only moderate reductions in titer. Thus, the inability of PrV-gD Ϫ Pass to infect cells of the nasal mucosa of pigs cannot be attributed to unspecific inactivation of the PrV gD Ϫ Pass inoculum. Titration on porcine nasal mucosa explant cells. To assay whether the inability to detect virus-infected cells after in vivo infection in the nasal mucosa was reflected in a block in virus infection in explanted cells, wild-type-like PrV-1112, PrV-gD Ϫ Pass SPH, and PrV-gD Ϫ Pass were titrated on nasal mucosa explant cells and compared to PK-15 cells. Titers of PrV-1112 and PrV-gD Ϫ Pass SPH were 4 ϫ 10 6 PFU/ml on PK-15 cells, and 2 ϫ 10 6 and 1 ϫ 10 6 PFU/ml, respectively, on porcine nasal explant cells. Titers of PrV-gD Ϫ Pass on porcine nasal explant cells amounted to 3 ϫ 10 4 PFU/ml compared to 4 ϫ 10 5 PFU/ml on PK-15 cells. Thus, nasal mucosal explant cells in culture are infectible by PrV-gD Ϫ Pass, albeit with a somewhat lower efficiency compared to PrV-1112 or PrV-gD Ϫ Pass SPH.
Mapping of compensatory mutations in PrV-gD ؊ Pass. So far, the molecular basis for gD-independent infectivity in BHV-1 and PrV is unclear, although recent studies implied that mutations in gH and gB of BHV-1 could be involved (41) . We initially set out to establish cell lines that express single glycoproteins of PrV-gD Ϫ Pass for the complementation of PrV-gD Ϫ and subsequent assessment of infectivity. However, in none of the assays including gB, gH, gL, and gK was any rescue of gD-independent infectivity observed. Complementation assays using transient expression of numerous (glyco)proteins either singly or in combination also did not result in any rescue of gD-independent infectivity (data not shown). Therefore, we reasoned that the wild-type form of the glycoprotein which is still expressed in PrV-gD Ϫ might interfere with the function of a mutated form in gD-independent infectivity. Consequently, to test for functional differences in gB and gH derived from either wild-type PrV or PrV-gD Ϫ Pass, mutant viruses lacking gB or gH and expressing green fluorescent protein were isolated on the basis of PrV-gD Ϫ Pass on cell lines expressing PrV-gD Ϫ Pass gB or gH. The transcomplemented virus mutants PrV-gD Ϫ Pass gB Ϫ and PrV-gD Ϫ Pass gH Ϫ were then used for infecting cells expressing wild-type gB, PrV-gD Ϫ Pass gB, or wild-type gB and gD. After complete CPE developed, supernatants were titrated on cells expressing gB of PrV-gD Ϫ Pass. As shown in Fig. 7A , the gB of PrV-gD Ϫ Pass complemented the gB deletion mutants in both viral backgrounds. In contrast, wild-type gB did not complement gB function in PrV-gD Ϫ Pass. Coexpression of wild-type gD and wild-type gB, however, restored infectivity, presumably by restoration of the gD-dependent entry pathway. Similar results were obtained with gH (Fig. 7B) . Only cell lines expressing gH of PrV-gD Ϫ Pass were able to complement gH deletion mutants in both viral backgrounds, whereas wild-type gH complemented only the gH deletion mutant in a wild-type background. Again, as a positive control, the multifunctional gDH hybrid protein, which combines wild-type gD and gH function and, therefore, presumably restores gD-dependent entry, fully complemented either mutant. In summary, these data show functional differences in both gB and gH of PrV-gD Ϫ Pass compared to the respective wild-type proteins.
DNA sequencing of the open reading frames of gB and gH of PrV-gD
Ϫ Pass revealed differences from the wild-type versions. As schematically shown in Fig. 8 , there are three mutations in gB Pass compared to gB of wild-type strain Ka: an eight-amino-acid insertion at position 118, an alanine-to-valine exchange at position 380, and a leucine-to-proline substitution at position 416. The rest of the protein was identical. Interestingly, in gH, only a single amino acid exchange was observed, leading to an alanine-to-proline substitution at position 64. For control, the two other genes encoding essential glycoproteins, i.e., the UL53 (gK) and UL1 (gL) genes of PrV-gD Ϫ Pass, were also sequenced and compared to PrV-Ka. We did not detect any differences between the gK or gL gene of PrV-gD Ϫ Pass and the corresponding PrV-Ka genes. Correlating with this result, PrV-Ka gL and gK complemented the corresponding deletion mutants of PrV-gD Ϫ Pass (data not shown). Given the interference of the wild-type versions of the glycoproteins on the function of the mutated forms, to prove that the observed mutations are indeed responsible for the gDindependent phenotype would entail the construction and complementation of a gB and gH deletion mutant of PrV-gD Ϫ , i.e., a mutant virus simultaneously lacking three essential glycoproteins. So far, we have been unable to achieve this complicated goal. However, we tried to transcomplement a double mutant, PrV-gD Ϫ gH Ϫ , by using a cell line expressing gB and gH of PrV-gD Ϫ Pass, reasoning that with only one interfering wild-type protein we might observe an effect. As shown in 9, the infectivity of PrV-gD Ϫ gH Ϫ could indeed be rescued on cells expressing gB Pass and gH Pass, although to a titer of only ca. 10 2 PFU/ml. However, this is significant since no infectivity at all was rescued on cells expressing the wild-type versions of gB and gH. As control, complementation with the gDH hybrid protein again resulted in rescue of more than 10 6 PFU per ml, presumably by restoration of the gD-dependent entry pathway.
In summary, our data strongly suggest that the observed mutations in gB and gH are, at least in part, responsible for mediating gD-independent entry.
DISCUSSION
Interaction between viral attachment proteins and cellular receptors is a major determinant of viral tropism in vitro and in vivo. We demonstrate here that an alphaherpesvirus mutant, PrV-gD Ϫ Pass, which had acquired the ability to infect cells via a pathway which is independent from the envelope gD and from cellular gD receptors, exhibits a drastically altered host range in vivo. PrV-gD Ϫ Pass is no longer able to infect the natural host, pigs, but is still virulent in mice.
The first interaction between PrV and target cells is mediated by the binding of gC to heparan sulfate proteoglycans (HSPG), which is similar to the situation in HSV-1 (14, 24) . Since this class of primary receptors is nearly ubiquitously distributed and since the gC-HSPG interaction is not essential for infection, target cell specificity is more likely determined at least in part by other virion cell interactions. A secondary attachment step relies on binding of gD to recently identified specific cellular gD receptors. Since gD is not only involved in attachment but also essential for penetration, it is believed that binding of gD to specific receptors is the crucial link between virus attachment and initiation of membrane fusion (reviewed in references 27 and 43). In vitro studies on CHO-K1 cells demonstrated that the lack of gD receptors correlates with a relative resistance towards PrV infection (10, 29) . Expression of gD receptors rendered these cells susceptible to infection, demonstrating the importance of gD receptors for in vitro host range. The use of multiple gD receptors, namely Hve B, Hve C, and Hve D, which all belong to the immunoglobulin-like protein superfamily, might explain the broad host range of PrV (10, 29, 44) .
Recently, we isolated an infectious gD-negative PrV mutant, PrV-gD Ϫ Pass (39) . A similar mutant could also be obtained for BHV-1 (40) . For BHV-1, it has been shown that mutations in at least gB and gH contribute to gD-independent infectivity (40, 41) . The data presented here for PrV correlate with these earlier findings. Moreover, for the first time, we show limited albeit significant gD-independent infectivity in a wild-type PrV-gD Ϫ gH Ϫ background by coexpression of gB and gH of PrV-gD Ϫ Pass. The only low level of gD-independent infectivity observed may be explained by the continuous expression of wild-type gB from the viral genome which could interfere with function of cellularly expressed gB Pass. With both gB and gH we indeed demonstrated functional differences between the proteins of wild-type PrV and PrV-gD Ϫ Pass so that the wildtype versions only complemented wild-type deletion mutants, whereas the glycoproteins from PrV-gD Ϫ Pass complemented wild-type and PrV-gD Ϫ Pass deletion mutants. Interestingly, the striking difference in the functional complementation of gH is associated with a single amino acid exchange at position 64 in the ectodomain resulting in an alanine-to-proline substitution, whereas in gB, three mutations also all located in the ectodomain were observed by comparison of gB from wild-type and passaged virus. Whether all three of the gB mutations are required for the observed phenotype is presently under investigation.
What is the evidence that the observed defect in PrV-gD Ϫ Pass is indeed at the level of entry and, more specifically, at receptor recognition? We recently isolated an MDBK cell clone, designated NB, which is specifically resistant toward infection with PrV-gD Ϫ Pass due to a defect in virus entry. Furthermore, NB cells do not promote direct cell-to-cell spread of PrV-gD Ϫ Pass. Therefore, initiation of infection by PrV-gD Ϫ Pass in vitro does not depend on known gD receptors but relies on the presence of a hitherto unknown receptor which is specific for PrV-gD Ϫ Pass (17, 29) . Interestingly, the infectivity of PrV-gD Ϫ Pass is reduced but not eliminated by deletion of gC (17) , demonstrating that tertiary receptor interactions presumably involving gB and/or gH are present. Although direct proof is lacking for a receptor binding function of gB and/or gH of PrV, elevated susceptibility of PrV toward complement-independent neutralization by a gB-specific MAb on gD-receptor deficient cells can be interpreted as indicative for receptor binding by gB (29) . Since gD-independent infectivity requires the presence of compensatory mutations in gB, it is conceivable that this altered gB gained receptor binding properties unique for PrV-gD Ϫ Pass. Interestingly, an HSPGindependent cell binding function has been demonstrated for gB of BHV-1 (22) . In the betaherpesvirus HCMV, binding of gH to an unidentified cellular receptor designated HCMVFR has been reported (4), and it is therefore not excluded that the observed mutation in gH of PrV-gD Ϫ Pass may also have an influence in receptor binding. An interaction of HCMV gB with cellular annexin II has also been proposed, although the biological significance of this interaction is unclear (6, 35, 36) .
In this study, we analyzed PrV-gD Ϫ Pass infection in vivo. We demonstrated that PrV-gD Ϫ Pass has a virulence in mice similar to that of PrV-Ka. All characteristic symptoms of PrV infection in mice ultimately leading to death were observed, but symptoms appeared with a delay of 24 to 48 h. This delay might be linked to compensatory mutations in gB and gH required for infectivity of PrV-gD Ϫ Pass which, however, may also affect viral pathogenesis. A role for gB in determining PrV pathogenesis in pigs has recently been demonstrated by analysis of a recombinant PrV expressing the BHV-1 gB instead of it own (11) . Furthermore, mutations in HSV-1 gB also influence pathogenesis in vivo (7, 45) . The use of an alternative, PrV-gD Ϫ Pass-specific receptor might also contribute to the delay in symptom development, e.g., by inefficient primary replication restricted by cellular distribution or concentration of the PrV-gD Ϫ Pass receptor. In contrast to its effect in mice, PrV-gD Ϫ Pass is not able to infect PrV's natural host. Intranasal inoculation of pigs with up to 10 7 PFU of PrV-gD Ϫ Pass resulted in no signs of disease at all. Inoculated pigs did not show elevated temperature or meaningful virus excretion. Furthermore, the inoculation did not induce neutralizing antibodies or a protective immunity. Since no virus could be isolated from any organ of PrV-gD Ϫ Pass-inoculated pigs, we performed detailed histochemical analyses for expression of gB or gC which could indicate an abortive infection. However, we did not observe a single antigen-positive infected cell in any organ section of PrV-gD Ϫ Pass-inoculated pigs. Since also no infection of cells in the nasal mucosa was detectable after intranasal inoculation, PrVgD Ϫ Pass appears to be unable to infect pigs via the normal route of infection. Penetration and cell-to-cell spread of PrVgD Ϫ Pass relies on a specific cellular receptor (17) , and it is reasonable to hypothesize that cells of the porcine nasal mucosa do not express this receptor. Interestingly, cultured porcine cells, even explants from the nasal mucosa, are infectible by PrV-gD Ϫ Pass, although in the latter, infectivity is reduced Although we cannot rule out the presence of additional mutations in the 150-kbp PrV-gD Ϫ Pass genome, the compensatory mutations necessary for gD-independent infectivity may suffice to explain the attenuation of PrV gD Ϫ Pass SPH in pigs compared to that of PrV-Ka and PrV-gD Ϫ Pass. We showed that mutations in gB and gH are associated with and, presumably, required for gD-independent entry of PrV and that the described mutations alter the functional properties of these glycoproteins. After intranasal infection with PrV-gD Ϫ Pass SPH, virus shedding was observed, demonstrating virus replication in the nasal mucosa. The induction of neutralizing antibodies and the establishment of a protective immunity also indicated viral replication. Since PrV-gD Ϫ Pass SPH proved to be highly attenuated, gD expression obviously did not restore virulence to PrV-gD Ϫ Pass, which correlates with experiments in cell culture. Restoration of gD expression of PrV-gD Ϫ Pass completely alleviated the entry defect on NB cells (17) but only partially restored direct cell-to-cell spread, with plaque diameters reaching only 35% of those of PrV-Ka (data not shown). If spread of PrV-gD Ϫ Pass SPH is equally compromised in vivo, primary replication would be less efficient, as indicated by the ca. 10-fold lower virus excretion. Whether PrV-gD Ϫ Pass SPH is able to invade the nervous system at all remains to be determined.
These findings are also of interest with regard to the use of nonspreading, gD-negative PrV live vaccines (13, 26, 33) . The emergence in vivo of infectious gD-negative viruses, due to compensatory second-site mutations as in the case of PrV-gD Ϫ Pass, could threaten this concept. However, PrV-gD Ϫ Pass is unable to infect PrV's natural host, so this particular virus would not be selected for under natural conditions. Still, the possibility that a gD independently infectious but virulent virus might emerge cannot be ruled out. 
